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1. Introduction
Currently, extensive efforts are being made to develop 
protein-based biomaterials for biomedical applications [1, 2]. 
Having similar macromolecular structures to naturally occur-
ring proteins in tissues and organs, protein-based biomaterials 
have the potential to provide biological functionality and can 
be degraded by natural enzymes and metabolized by physi-
ological mechanisms [3]. Moreover, proteins possess inherent 
complex structures which show tunable charges in different 
pH environments and also have hydrophobic sections capa-
ble of hydrophobic interactions. Thus, proteins show flexible 
adsorption to various substrates and, hence, the potential to 
serve as carriers of proteins, cells, drugs and growth factors [4, 
5]. Among the various types of biomaterials being developed, 
electrospun materials composed of ultra fine fibers are pre-
ferred for medical applications. Electrospun structures closely 
mimic the three-dimensional (3D) fibrous network found in 
the natural extracellular matrix (ECM) [6–9]. Electrospun ma-
terials also have a high surface to volume ratio that facilitates 
cell attachment and drug sorption [6, 10] and contain a large 
volume of interconnected pores, which assist in the transpor-
tation of oxygen, nutrients and the metabolic waste of cells 
and cell migration and communication [8]. Therefore, pro-
tein-based electrospun fibers have been developed in order to 
combine the advantages of protein materials and electrospun 
structures for biomedical applications [11-17J.
However, the electrospun protein fibers developed so far 
have poor stability in aqueous environments, which restricts 
their biomedical applications [16]. When immersed in water 
electrospun protein fiber mats swell and collapse into films 
with a considerable decrease in surface area, the number of in-
terconnected pores, and tensile strength [18]. Therefore, efforts 
have been made to improve the water stability of electrospun 
protein fibers. One approach is to blend proteins with other 
natural and synthetic polymers, which are more water stable. 
For example, collagen was blended with poly(ethylene oxide) 
(PEO) [19] or polydioxanone (POD) [20] to produce electros-
pun fibers. The collagen-PEO/PDO fiber blends displayed im-
proved mechanical properties and better shape retention. Al-
though more successful cases could be listed, blending still has 
several limitations. Under some circumstances it may be chal-
lenging to dissolve certain proteins and polymers in one non-
toxic solvent that is suitable for electrospinning. Besides, some 
properties of blended polymers, such as high hydrophobicity 
or poor degradability, may cause undesirable changes to the 
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Abstract
This paper reports a new method of cross-linking electrospun zein fibers using citric acid as a non-toxic cross-linker to en-
hance the water stability and cytocompatibility of zein fibers for tissue engineering and other medical applications. The elec-
trospun structure has many advantages over other types of structures and protein-based biomaterials possess unique prop-
erties preferred for tissue engineering and other medical applications. However, ultrafine fiber matrices developed from 
proteins have poor mechanical properties and morphological stability in the aqueous environments required for medical ap-
plications. Efforts have been made to improve the water stability of electrospun protein scaffolds using cross-linking and 
other approaches, but the current methods have major limitations, such as cytotoxicity and low efficiency. In this research 
electrospun zein fibers were cross-linked with citric acid without using any toxic catalysts. The stability of the cross-linked 
fibers in phosphate-buffered saline and their ability to support the attachment, spreading, and proliferation of mouse fibro-
blast cells were studied. The cross-linked electrospun fibers retained their ultrafine fibrous structure even after immersion in 
PBS at 37 °C for up to 15 days. Citric acid cross-linked electrospun zein scaffolds showed better attachment, spreading, and 
proliferation of fibroblast cells than uncross-linked electrospun zein fibers, cross-linked zein films, and electrospun polylac-
tide fibers.
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surface properties and the biodegradability of the final elec-
trospun protein fibers. Therefore, chemical modifications such 
as cross-linking have been used as alternatives to polymer 
blending. However, most cross-linking agents used to cross-
link electrospun protein fibers are toxic [21–29], expensive [10] 
and/or inefficient in providing the desired improvement in 
water stability of the fibers [10, 16].
Recently we developed a non-toxic method of cross-linking 
plant proteins in the wet state using carboxylic acids as cross-
linkers and alkali as catalyst. The cross-linking method devel-
oped by us provided protein fibers with improved water sta-
bility and an up to 5-fold increase in breaking strain [30]. The 
carboxylic acids (citric acid and malic acid) used in our previ-
ous research are cytocompatible, since they are the intermedi-
ate products in a metabolic pathway and, therefore, suitable 
to modify biomaterials. However, the method of carboxylic 
acid cross-linking developed in our previous research was for 
the modification of fibers of relatively large diameter and re-
quired immersing the fibers in the alkaline cross-linking so-
lution. Since the electrospun fibers were unstable and be-
came film-like when immersed in the cross-linking solution, 
this wet cross-linking method was unsuitable for the mod-
ification of electrospun protein mats. In similar research on 
cross-linking plant proteins, micro- and nano-scale zein fibers 
were cross-linked using citric acid as the cross-linking agent 
and sodium hypophosphite monohydrate (SHP) as the cata-
lyst and cross-linking was carried out in the dry state at high 
temperature (150–175 °C) [31, 32]. However, the catalyst SHP 
was reported to be cytotoxic [33, 34] and hence not suitable to 
cross-link electrospun fibers used for biomedical applications. 
Although carboxylic acids such as citric acid are biocompati-
ble and can improve the properties of protein fibers, the cur-
rent approaches to carboxylic acid cross-linking of plant pro-
teins are unsuitable for cross-linking electrospun plant protein 
fibers for biomedical applications. 
Although plant proteins such as zein have been used to de-
velop films and other substrates for tissue engineering and 
other medical applications, there are no reports on developing 
electrospun plant protein fibers. In addition, fibrous materials 
developed from plant proteins need to be cross-linked to make 
them useful for medical applications. While it has been shown 
that plant proteins can be cross-linked with non-toxic carbox-
ylic acids, current methods of carboxylic acid cross-linking are 
not suitable for cross-linking electrospun plant protein fibers. 
To the best of our knowledge there are no methods of devel-
oping electrospun plant protein fibers with the cytocompati-
bility, mechanical properties, and water stability required for 
tissue engineering and other medical applications. 
The purpose of this research was to develop a non-toxic 
cross-linking method that can provide electrospun protein fi-
bers with the water stability required for biomedical appli-
cations. Zein was chosen for the study among other proteins 
since zein has been reported to be biodegradable and biocom-
patible. As a plant protein, zein has a much lower possibility 
of transmitting zoonotic diseases, which may occur with some 
animal proteins, such as collagen [35]. Moreover, since zein 
can be dissolved in aqueous ethanol solutions, it is relatively 
easy and environmentally friendly to produce electrospun fi-
bers from zein. In addition, zein shares the common prob-
lems of other protein-based biomaterials, such as a low tensile 
strength and poor morphological stability in an aqueous envi-
ronment, especially when made into electrospun fibers. There-
fore, in this study zein was employed as a protein model to 
produce electrospun fibers, which were cross-linked with cit-
ric acid for potential biomedical applications. The improve-
ments in tensile strength and water stability were evaluated. 
The attachment, spreading and growth of NIH 3T3 mouse fi-
broblast cells on the cross-linked electrospun zein fibers were 
investigated and compared with those on polylactic acid 
(PLA) electrospun fibers and films, uncross-linked electrospun 
zein fibers, citric acid cross-linked electrospun zein mats cata-
lyzed by SHP, as well as citric acid cross-linked zein films. 
2. Materials and methods 
2.1. Preparation of scaffolds 
Table 1 summarizes the conditions for the samples pre-
pared in this research. The cross-linked electrospun zein sam-
ples (XL-L, XL-M, and XL-H) were produced based on the 
conditions chosen from our preliminary researches on cross-
linking electrospun zein mats and coarse fibers from other 
plant proteins (data not shown). The cross-linking solution 
containing 5.5, 7, or 9 wt.% citric acid (on weight of zein) were 
prepared by dissolving citric acid (EMD Chemicals, Inc.) in 
70 wt.% ethanol (EMD Chemicals, Inc.). The cross-linking so-
lutions obtained after dissolution of citric acid had pH values 
around 2. However, our previous research showed that the ef-
fect of citric acid cross-linking was enhanced by increasing the 
pH of the citric acid solutions [34]. Therefore, the pH of the 
cross-linking solution was adjusted to 4.9 by adding sodium 
hydroxide solution (in 70% ethanol, 0.125 g ml–1 ). Although 
a pH higher than 4.9 was preferable for cross-linking, it was 
not possible to obtain a cross-linking solution with a higher 
pH because phase separation occurred when more sodium hy-
droxide solution was added. 
Zein solutions (50 wt.%) were prepared by dissolving zein 
powders (F-4000, Freeman Industries LLC) in the pH-adjusted 
citric acid solution. Pre-cross-linking was performed by ageing 
the zein solutions in sealed containers for 48 h at room tem-
perature, in order to allow expansion of zein molecular chains 
and formation of cross-links. After pre-cross-linking the con-
centrations of pre-cross-linked zein stock solutions were di-
luted from 50 to 26 wt.% with 70 wt.% ethanol in order to ob-
tain the zein solutions for electrospinning. The electrospinning 
was carried out at an extrusion rate of 2 ml h–1 with an ap-
plied voltage of 19.5 kV. The distance between the tip of the 
extruding syringe needle and the aluminum foil wrapped on 
the winding drum was maintained at 20 cm. The collecting 
drum was rotated at 1200 rpm. After spinning, the electros-
pun zein mats were post-cross-linked by heating the electro-
spun mats at 150 °C for 2.5 h in an oven (Mechanical Oven, 
Lindberg/Blue M, Asheville, NC). Uncross-linked electrospun 
zein mats were also prepared to serve as controls. The control 
samples were prepared using the same procedure except add-
ing citric acid. 
Electrospun zein fibers were also prepared using our previ-
ous method of cross-linking zein using citric acid in the pres-
ence of SHP as catalyst in order to evaluate the effect of SHP on 
cells [32]. The zein solution was aged for 48 h at 50 wt.% with 
6.0 wt.% (on weight of zein) citric acid and 3.3 wt.% (on weight 
of zein) SHP (Sigma-Aldrich, Inc.). After being diluted to 26 
wt.% with 70 wt.% ethanol, the zein solution was electrospun 
under the same conditions to produce samples XL-L, XL-M, 
and XL-H. The fibers obtained were cross-linked at 150 °C for 
30 min (the optimized conditions in our previous research [32]). 
For comparison with electrospun fibers, uncross-linked and 
cross-linked zein films were also prepared. Initially, 50 wt.% 
zein solutions with and without 7 wt.% (weight of zein) citric 
acid were prepared and aged for 48 h. The solutions were later 
diluted with 70 wt.% ethanol to 7 wt.% and cast onto flat bot-
tomed glass plates and dried overnight under ambient condi-
tions. The zein films obtained were further heated at 150 °C for 
2.5 h for the cross-linking reaction to occur. 
Films and electrospun fibers were also made from PLA 
(Cargill Dow LLC) to compare the performance of PLA with 
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zein films and electrospun fibers, PLA powder was dissolved 
in chloroform at 7 wt.% and the solutions were sealed and 
aged for 24 h for complete dissolution, PLA films were ob-
tained by casting the solution on glass plates followed by dry-
ing overnight under ambient conditions. Electrospun PLA fi-
ber mats were produced by extruding the aged 7 wt.% PLA 
solution in chloroform at a rate of 1 ml h–1 with an applied 
voltage of 18 kV. The distance between the tip of the needle 
and surface of the winding drum was kept at 15 cm and the 
rate of rotation of the drum was 1200 rpm. 
2.2. Tensile tests 
The effects of cross-linking on the tensile strength of the 
cross-linked and uncross-linked electrospun zein fibers were in-
vestigated. Fiber mats for tensile tests, 2 cm in length and 1.5 cm 
in width, were prepared on pieces of aluminum foil that sup-
ported the fibers during testing. The aluminum foils used for 
testing were cut in the middle parallel to the long sides before 
electrospinning in order to ensure that the tensile strength was 
measured only on the fibers rather than the foils. Before test-
ing, all the samples were conditioned at 21 °C and 65% relative 
humidity for 24 h. The tensile strength was measured in terms 
of the maximum load in an Instron 4444 universal testing ma-
chine (Canton, MA) with a gauge length of 9 mm and a cross-
head speed of 18 mm min–1. At least 15 specimens were tested 
for each type of sample. After testing, the tensile strengths of the 
mats were calculated using the following equation: 
σmax = F/S1                                                             (1) 
where σmax is the tensile strength of the electrospun fiber mat, 
F is the maximum load and S1 is the sum of the cross-sectional 
area of all the fibers on each piece of mat, which was calcu-
lated according to the equation: 
S1 = M/(ρ × L1)                                                      (2) 
where M is the mass of the fibers on each piece of foil, L1 is 
the length of each foil (2 cm) and ρ is the material density of 
each sample. To determine the material density of each sam-
ple fibers were prepared on 12 coverslips instead of aluminum 
foils in order to facilitate observation under a light microscope 
(Olympus CH30). The material density of each sample was 
calculated by the equation: 
ρ = m/[S2 × L2 × (S3/S4)]                                   (3) 
where m is the mass of the fibers on the 12 coverslips, S2 is 
the average cross-sectional area of a single fiber, L2 is the to-
tal length of fibers in the microscope image, S3 is the total area 
of the 12 coverslips and S4 is the area of the image seen under 
the microscope. The cross-sectional area of single fibers was 
calculated from the average single fiber diameter, which was 
measured from scanning electron microscopy (SEM) images 
(S3000N, Hitachi) at 3500× magnification. The total fiber length 
on the 12 coverslips was calculated from the fiber length in each 
image (3 images per sample), the area of each image taken by 
the microscope, and the total area of the 12 coverslips. 
2.3. Water stability tests 
The water stability of the cross-linked and uncross-linked 
electrospun zein mats were studied in phosphate-buffered 
saline (1 × PBS, pH 7.4). Samples (2 cm in length, 1.5 cm in 
width) were sterilized under UV light overnight, incubated in 
PBS for 2 or 15 days at 37 °C and then washed with distilled 
water twice, followed by drying overnight under ambient con-
ditions. The morphological changes in the samples were ob-
served by SEM at 1500× and 4000× magnification (three spec-
imens for each sample). The fiber diameters were measured 
on at least 10 samples to evaluate swelling of the fibers in the 
mats. 
2.4. Zeta potentials of scaffold materials 
The ζ potentials of the zein fibers cross-linked with 5.5, 7.0, 
and 9.0 wt.% citric acid and PLA were measured to investigate 
the effect of surface charge on cell attachment. To prepare the 
dispersions of zein samples, 35 mg of electrospun fiber mats 
were dissolved in 1.5 ml of 70% ethanol, followed by mixing 
0.5 ml of zein solution in 5 ml of culture medium (Dulbecco’s 
modified low-glucose Eagle’s medium [Sigma-Aldrich] con-
taining 10% calf serum [Colorado Serum Company], 1.4 vol.% 
200 mM l-glutamine [Sigma-Aldrich] and 0.1 mg ml–1 peni-
cillin/streptomycin [ATCC]). The dispersion of PLA samples 
were prepared by dissolving 35 mg of PLA powder in 1.5 ml 
of chloroform and later mixing 0.5 ml of PLA chloroform so-
lution in 1 ml of ethanol and adding 1.5 ml of the mixture to 5 
ml of culture medium. The dispersions of zein and PLA sam-
ples were placed in a vacuum chamber to evaporate the etha-
nol and chloroform at room temperature. Five specimens were 
prepared for each sample. The ζ potentials were measured in 
a particle size analyzer (Model Delsa Nano C, Beckman Coul-
ter, Brea, CA) according to the instructions provided by the 
manufacturer. 
2.5. Cytocompatibility evaluation 
In this research NIH 3T3 mouse fibroblast cells were used 
to evaluate the cytocompatibility of the scaffolds. Cells were 
cultured in culture medium at 37 °C in a humidified 5% CO2 
atmosphere and were passaged every 3 days. 
Methanethiosulfonate (MTS) assays were conducted to 
quantitatively investigate cell attachment and proliferation. 
Four specimens were prepared for each sample with a diam-
eter of 10 mm, washed in distilled water three times and dried 
at room temperature. Zein films and electrospun mats were 
subjected to sterilization at 120 °C for 1 h and PLA scaffolds 
were sterilized in 75% aqueous ethanol for 1 h. Different ster-
Table 1. Samples and their preparation conditions.
                                                                                                  Pre-cross-linking and                         Spinning/casting     Post-cross-linking 
Index        Sample                                                                   ageing conditions                                concentration (%)      conditions
PLAF PLA film 7%,24 h   7 
PLA PLA electrospun fiber mat 7%,24h   7 
ZFUL Zein uncross-linked film 50% zein, 48 h   7 150 °C, 2.5 h
ZFXL Zein cross-linked film 50% zein, 7% CA, 48 h   7 150 °C, 2.5 h
UXL Zein uncross-linked electrospun fiber mat 50% zein, 48 h 26 150 °C, 2.5 h
SHPXL Zein cross-linked electrospun fiber mat 50% zein, 6% CA, 3.3% SHP, 48 h 26 150 °C, 30 mina
XL-L Zein cross-linked electrospun fiber mat 50% zein, 5.5% CA, 48 h 26 150 °C, 2.5 h 
XL-M Zein cross-linked electrospun fiber mat 50% zein, 7% CA, 48 h 26 150 °C, 2.5 h
XL-H Zein cross-linked electrospun fiber mat 50% zein, 9% CA, 48 h 26 150 °C, 2.5 h
CA, citric acid.
a. Based on the optimum conditions from our previous study.
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ilization methods were applied to the zein and PLA scaffolds 
because PLA could not withstand high temperatures while 
zein scaffolds dissolved in 75% ethanol. To obtain sufficient 
sterilization both the zein and PLA scaffolds were subjected to 
one more step of UV sterilization for around 8 h. Longer ster-
ilization under UV was not applied to avoid possible degra-
dation of the polymers. After sterilization the scaffolds were 
placed in 48-well culture plates. Fibroblast cells were seeded 
onto the scaffolds (1 × 105 cells ml–1, 500 μl well–1) and then 
cultured at 37 °C in a humidified 5% CO2 atmosphere for 8 
and 24 h. At each time point the samples were washed with 
PBS, placed in new 48-well plates containing 450 μl well–1 20% 
MTS reagent (CellTiter 96® Aqueous One Solution Cell Prolif-
eration Assay, Promega) in Dulbecco’s modified Eagle’s me-
dium (DMEM) and incubated at 37 °C in a humidified 5% CO2 
atmosphere for 3 h. After incubation, 150 μl of the solution 
from each well was pipetted into a 96-well plate and the opti-
cal densities were measured at 490 nm using a UV/Vis multi-
plate spectrophotometer (Multiskan® Spectrum, Thermo Sci-
entific). The MTS solution in DMEM without cells served as 
the blank. The cell numbers were calculated based on a cali-
bration curve. 
Cells were cultured for 8–120 h on the samples SHPXL and 
XL-H to study the influence of the catalyst SHP on cell growth. 
Although the cell numbers after a particular time point would 
indicate the performance of each type of scaffold in terms of 
supporting cell growth, it was not reasonable to evaluate the 
toxicity of SHP to cells based on the final cell numbers, since 
the numbers of cells initially attached to the scaffolds were 
different. Therefore, we used normalized cell growth values 
to investigate the proliferation rates based on the following 
equation: 
K (%) = [(Bi+1 – Bi)/Bi] × 100.                               (4) 
where K is the normalized cell growth kinetic value (%), Bi is 
the optical density value at time point i and Bi+1 is the optical 
density value at a later time point i + 1. 
Genomic DNA quantification assay was used to confirm 
the results of the MTS assay. Three specimens (10 mm in di-
ameter) for each sample were prepared, washed and sterilized 
according to the methods used in the MTS assay. In order to 
collect sufficient amounts of DNA for tests, a higher number 
of cells (7 × 105 cells ml–1, 1 ml well–1) were seeded compared 
with the number used in the MTS assay. All the samples were 
cultured in 48-well plates at 37 °C in a humidified 5% CO2 at-
mosphere. After 24 h the number of cells on the samples were 
determined by the fluorometric quantification of DNA. Cells 
on each sample were detached by trypsinization and collected 
after centrifugation. The DNA in the cells was extracted us-
ing a QIAamp DNA Mini Kit (Qiagen) according to the man-
ufacturer’s protocol. The fluorescence intensity of a mixture of 
DNA solution (0.4 g) and 10 μg ml–1 Hoechst 33258 fluores-
cent dye solution (Sigma-Aldrich) (0.4 g) was measured with 
a fluorescent plate reader (Fluoroskan Ascent FL Series, Lab-
systems) at 390 nm for excitation and 460 nm for emission. The 
numbers of cells on the scaffolds were calculated based on the 
calibration curve, which had a linear relationship between flu-
orescence intensity and the number of cells. The calibration 
curve was constructed from the fluorescence intensities of cell 
solutions with a series of cell densities (5.9 × 105, 5.0 × 105, 3.5 
× 105, 1.8 × 105, and 1.0 × 105 cells ml–1). 
2.6. Cell spreading and cytoskeletal observation 
In order to study the spreading of cells and development 
of the cytoskeleton, immunofluorescent observations were car-
ried out. Samples (3 specimens for each sample, 10 mm in di-
ameter) were washed and sterilized according to the methods 
used in the MTS assay. Compared with the cell densities used 
in the MTS and DNA assays, a relatively low density of cells 
(5 × 103 cells ml–1) was used for cell seeding, in order to avoid 
confluence of the cells and to facilitate investigation of the de-
velopment of the cytoskeleton in individual cells. After 24 h 
culture samples were washed with PBS, fixed with 4% para-
formaldehyde (Electron Microscopy Sciences) and permeabi-
lized with 0.1% Triton X-100 solution (Invitrogen) for 5 min. 
After another wash with PBS the samples were incubated in 
Phalloidin 633 solution (1:200 Alexa Fluor® 633 Phalloidin, In-
vitrogen) with 0.1% Tween 20 5 (0% solution, Invitrogen) for 
2.5 h. Alexa Fluor® 633 Phalloidin is a far red fluorescent dye 
that specifically bonds to F-actin in cells. This dye was chosen 
because zein shows fluorescence across the full spectrum, with 
the weakest signal in the far red range. Cell spreading and the 
generation of cytoskeletal F-actin were observed under a con-
focal laser scanning microscope (Olympus FV500) at 100× and 
600× magnification. The fluorescence emission of zein fibers 
was collected through separate detector channels at a wave-
length of 488 nm, while the fluorescence emission of F-actin 
was investigated at a wavelength of 633 nm. 
2.7. Statistical analysis 
A one-way analysis of variance with Tukey’s pairwise mul-
tiple comparison was employed to analyze the data. The confi-
dence interval was set at 95% and a P value less than 0.05 was 
considered to be a statistically significant difference. In the fol-
lowing results data labeled with the same symbols or charac-
ters were not significantly different from each other. The er-
ror bars shown in the figures indicate the standard deviations 
of the data. 
3. Results and discussion 
3.1. Tensile strength 
The results of uniaxial tensile testing on the cross-linked 
and uncross-linked zein samples are provided in Table 2. 
Compared with uncross-linked fibers, all the cross-linked 
samples showed statistically significant increases in tensile 
strength (P < 0.05). The increase in the tensile strengths of the 
cross-linked samples should be due to the formation of amido 
linkages between the carboxyl groups of citric acid and the 
amino groups on the peptide chains of zein [30, 34]. Cross-
linking connected the molecules and also reduced slippage of 
the molecules during tensile testing. Thus, cross-linking con-
tributed to the increase in the tensile strength of the samples. 
Table 2 shows that citric acid concentration could also play 
an important role in determining the tensile properties of sam-
ples. Cross-linking with 9% citric acid gave the highest ten-
sile strength for sample XL-H, compared with the samples 
cross-linked with 5.5% (XL-L) or 7% (XL-M) citric acid. In-
creasing the citric acid concentration increased the number of 
molecules available for cross-linking and enhanced the ten-
sile strength. However, citric acid concentrations higher than 
9% were not used since excessive citric acid could cause over-
cross-linking and reduce the mechanical properties, as ob-
served in the research of Xu et al. [32J. 
Samples cross-linked with the catalyst SHP (SHPXL) also 
displayed a statistically significant increase in tensile strength 
compared with the uncross-linked samples, but lower than the 
strengths of samples cross-linked with 7% (XL-M) and 9% cit-
ric acid (XL-H) without SHP. The higher strengths of XL-M 
and XL-H should be due to the higher concentrations of citric 
acid used during cross-linking (6% for SHPXL), and thus more 
cross-links could be formed. 
3.2. Water stability 
The morphological changes and the diameters of the elec-
trospun zein fibers before and after treatment with PBS at 37 °C 
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are shown in Figures 1 and 2. Before incubation all the samples 
were of similar diameters (around 400–500 nm). After immer-
sion in PBS for 48 h at 37 °C the uncross-linked electrospun fi-
ber mats (UXL) could not maintain their fibrous structure and 
became films. In contrast, all the cross-linked electrospun fiber 
mats retained their fibrous shape, although the diameters of 
the cross-linked fibers increased to 2–3.5 times that of uncross-
linked fibers. The amido linkages formed during cross-linking 
should be mainly responsible for the better water stability of 
the cross-linked samples. Cross-linking reduced the movement 
of molecules and prevented swelling of the fibers. Among 
the cross-linked samples, those cross-linked with the catalyst 
SHP (SHPXL) displayed an increase in fiber diameter of 125%, 
lower than that seen in samples XL-L (260%) and XL-M (175%), 
but higher than the swelling in sample XL-H (105%). The in-
fluence of citric acid concentration on fiber water stability can 
be observed in Figures 1 and 2 (XL-L, XL-M, and XL-H). With 
increasing citric acid concentration swelling of the cross-linked 
electrospun zein mats decreased from 260% to 105%, due to the 
formation of more cross-links. Since sample XL-H possessed 
the best water stability, fibers from sample XL-H were treated 
in PBS at 37 °C for 15 days. It was found that sample XL-H was 
capable of maintaining its fibrous structure for 15 days (XL-H-
15D) with an increase in diameter of 131%. 
Table 2. Tensile strengths of uncross-linked and cross-linked electros-
pun zein scaffolds. 
 Index 
 UXL  SHPXL  XL-L  XL-M  XL-H 
Stress  2.05 ± 032  2.81 ± 0.17  3.07 ± 0.53  3.82 ± 034  4.02 ± 0.37 
(MPa) 
Figure 1. Morphological stability of electrospun zein scaffolds in PBS. The SEM images taken at 1500× magnification display the morphology of 
the electrospun zein scaffolds before and after incubation in PBS at 37 °C for 2 or 15 days. The sample abbreviations are given in Table 1. 
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3.3. Effect of cross-linking on cell attachment 
The effects of cross-linking on the attachment of NIH 3T3 fi-
broblast cells to scaffolds after 8 h culture are shown in Figure 
3. Cell attachment increased 2-fold on cross-linked zein films 
(Figure 3, ZFUL vs. ZFXL) and up to 7-fold on cross-linked 
electrospun fiber mats (Figure 3, UXL vs. XL-H). With increas-
ing citric acid concentration from 5.5% to 9%, an improve-
ment in fibroblast cell attachment on cross-linked electros-
pun zein fibers was observed. An increase in the stiffness of 
the cross-linked zein films and fibers could be one of the ma-
jor reasons for the higher cell attachment. It has been reported 
that increasing scaffold stiffness promotes cell attachment and 
growth [36]. In addition, the cross-linked electrospun zein fi-
bers had improved water stability and retained their high sur-
face to volume ratio and the large volume of interconnected 
pores, which facilitated cell attachment [6, 10]. 
Figure 3 also shows that cell attachment to electrospun 
scaffolds cross-linked with SHP (SHPXL) was lower than that 
to the fibers cross-linked without SHP (XL-L, XL-M, and XL-
H). As shown in Figure 1, sample XL-H possessed better water 
stability, which could lead to better cell growth than sample 
SHPXL. However, cell attachment on samples XL-L and XL-
M, which showed either similar or poor water stability, were 
also better than that on sample SHPXL. This suggests that the 
catalyst SHP might inhibit cell attachment. Compared with cit-
ric acid, the SHP molecule is larger and has a stronger affinity 
for proteins, and, hence, it might be more difficult to remove 
SHP from the fibers during washing. Any residual SHP in the 
fibers would contribute negative charges to the fibers, repulse 
cells, and lower cell attachment. 
3.4. Effect of scaffold structure on cell attachment 
The effects of scaffold structure (films vs. electrospun fi-
bers) on cell attachment can be observed in Figure 3. Cell at-
tachment on electrospun PLA fibers was 1.8-fold of that on 
PLA films, while cell attachment on the cross-linked electro-
spun zein fibers was up to 3-fold that on cross-linked zein 
films. The high surface to volume ratio and large number of 
pores in the electrospun structures could enhance the adhe-
sion of cells and proteins in the culture medium [6, 10]. A pref-
erence for cell attachment to electrospun fibers over films was 
also observed by Xua et al. [37]. They reported that aligned 
nanofibrous electrospun scaffolds of poly(l-lactate-co-ε-
caprolactone) (P(LLA-CL)) displayed improved smooth mus-
cle cell attachment and proliferation compared with P(LLA-
CL) films. 
3.5. Effect of the scaffold materials on cell attachment 
Figure 3 also shows that the cross-linked electrospun zein fi-
bers could provide cell attachment up to 2.1-fold higher than 
that on electrospun PLA fibers. The mean value of cell attach-
ment on zein films was also higher than that on PLA films, al-
though the difference was not statistically significant. It was 
possible that the charges carried by cross-linked zein and PLA 
scaffolds playa crucial role in cell attachment. As shown in Ta-
ble 3, the ζ potentials of cross-linked zein in the culture medium 
Figure 2. Swelling of electrospun zein fibers. The diameters of cross-
linked electrospun zein fibers were measured before and after incuba-
tion in PBS at 37 °C for 2 days. The sample abbreviations are given in 
Table 1. 
Figure 3. Influence of different scaffolds on cell attachment. The attachment of NIH 3T3 fibroblast cells on zein and PLA electrospun fibers and 
films after 8 h culture was evaluated by MTS assay. The sample abbreviations are given in Table 1. 
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at pH 7.2 were in the range –9.3 to –11.2 mV. while the ζ poten-
tial of PLA was –20.1 mV. The ζ potential values suggest that 
more negative charges were carried by PLA in the cell culture 
medium than those carried by zein. Since the surfaces of cells 
carry mostly negative charges, there was a stronger repulsive 
force between cells and PLA scaffolds than between cells and 
zein, and hence a lower cell attachment on the PLA scaffolds. 
3.6. Cell growth
The cell numbers on the scaffolds after 24 h culture are 
shown in Figure 4, which displays a similar trend to that of 
cell attachment. MTS and genomic DNA quantification assays 
were used to evaluate cell number, since both methods have 
their limitations. The results of the MTS assay were not only 
Figure 4. Influence of different scaffolds on cell number after 24 h growth. The growth of NIH 3T3 fibroblast cells on zein and PLA electrospun fi-
bers and films after 24 h culture was evaluated by DNA assay and MTS assay. The sample abbreviations are given in Table 1. 
Figure 5. Cytotoxicity of the catalyst SHP. The MTS assay was used to evaluate cell growth on electrospun zein fibers cross-linked by citric acid 
with (SHPXL) and without (XL-H) catalysis by SHP for up to 120 h expressed as cell number and normalized cell growth kinetic values. The sam-
ple abbreviations are given in Table 1. 
Table 3. ζ potential of PLA and uncross-linked and cross-linked zein. 
 Index 
 UXL  SHPXL  XL-L  XL-M  XL-H 
ζ potential (mV)  -65±13  -93±1.7  -11.2±1.5  -10.5±2.2  –20.1±1.5 
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influenced by cell number but also by the metabolic activity 
of the cells, whereas the genomic DNA quantification assay 
counts not only the DNA in living cells but also that in dead 
cells adhering to the scaffolds after washing. 
The results of the MTS and genomic DNA quantification 
assays showed that the final numbers of cells on the cross-
linked zein fibers (SHPXL, XL-L, XL-M, and XL- H) and zein 
films (ZFXL) after 24 h were higher than the cell numbers on 
uncross-linked zein fibers (UXL) and films (ZFUL), due to the 
enhanced stiffness of the scaffolds [36], and that they retained 
interconnected pores [6,10).
In addition, cross-linked zein scaffolds performed better 
than corresponding PLA scaffolds in terms of supporting cell 
growth (Figure 4, ZFXL vs. PLAF, SHPXL, XL-L, XL-M, and 
XL-H vs. PLA). Similar results were observed by Dong et al. 
[38], who demonstrated that films composed of zein particles 
could serve as a better matrix than PLA for cell growth. How-
ever, the reasons for the differences in cell growth between 
the cross-linked zein scaffolds and PLA scaffolds are not ap-
parent. One plausible reason is that the degradation product 
of PLA was lactic acid, which would lower the pH near the 
PLA scaffolds and lead to reduced cell growth. However, the 
amino acids released during zein degradation would not in-
fluence the pH near the scaffolds as much as lactic acid and 
could be absorbed by the cells as nutrients.
Moreover, cell growth on electrospun scaffolds was bet-
ter than that on the film scaffolds (Figure 4, PLA vs. PLAF, 
SHPXL, XL-L, XL-M, and XL-H vs. ZFXL), since the porous 
structure of electrospun fiber mats was able to facilitate the 
transportation of oxygen, nutrients, and the metabolic waste 
of cells, and the migration of cells and communication be-
tween them, all of which contribute to better cell growth [15, 
39–41]. Furthermore, after 24h fewer cells were growing on the 
electrospun zein fibers cross-linked using SHP (SHPXL) than 
on samples XL-L, XL-M, and XL-H cross-linked without SHP. 
The initial smaller number of cells attached to sample SHPXL 
might finally lead to the smaller number of cells growing af-
ter 24 h. Another possible factor that might contribute to the 
small final cell number on sample SHPXL was the cytotoxicity 
of SHP, but it was not evident whether SHP had any effect on 
cell number at this time point (24 h).
To confirm the toxicity of SHP, cells were cultured for up 
to 120 h on samples SHPXL and XL-H. As seen from Figure 
5, the cell numbers on sample XL-H at all time points were 
higher than those on sample SHPXL. After 24 and 72 h cell cul-
ture the normalized cell growth values were higher on sam-
ple SHPXL (Figure 5 and 40.07% and 35.42%) than the values 
on sample XL-H (Figure 5 and 39.77% and 19.24%). Initially, 
cells attached to sample SHPXL might be in the optimal den-
sity range and have a higher proliferation rate. However, af-
ter 120 h culture sample XL-H could still maintain a relatively 
high normalized cell growth value (Figure 5 and 26.68%), 
while the value on sample SHPXL decreased to –5.82%, indi-
cating reduced cell growth. This phenomenon could mainly be 
attributed to cytotoxicity of the catalyst SHP. The cytotoxicity 
of SHP appeared after 120 h because SHP accumulated as the 
fibers were degraded and after a certain threshold concentra-
tion SHP was toxic to cells.
3.7. Cell spreading and development of the cytoskeleton
Figure 6 illustrates cell spreading and development of the 
cytoskeleton on the zein films and electrospun fibers. In Fig-
ure 6, the zein films and fibers exhibit a bright green fluores-
cent signal without labeling by any external fluorescent dyes, 
because zein is autoflourescent. The red areas in Figure 6 (in-
dicated by white arrows) indicate the cytoskeleton (F-actin) in 
cells which have been labeled using the fluorescent dye Phal-
loidin 633. After 24 h only a few cells had adhered to the un-
cross-linked zein films, with poor spreading (ZFUL), whereas 
Figure 6. Cell spreading and development of the cytoskeleton. NIH 
3T3 fibroblast cells after 24 h culture were evaluated by immunofluo-
rescent staining. The green areas in the image are zein scaffolds, while 
the red areas are F-actin in cells stained with Phalloidin 633. Image 
ZFUL was taken at a magnification of 100× (scale bar 100 μm). All the 
other images were taken at a magnification or 600× (scale bar 20 μm). 
The sample abbreviations are given in Table 1. 
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better cell spreading was observed on the crosslinked zein 
films (ZFXL). Similarly, the cells on the cross-linked electros-
pun samples (SHPXL, XL-H) displayed much better spread-
ing and cytoskeleton development than those on the uncross-
linked fibers (UXL). The enhanced stiffness of cross-linked 
zein scaffolds could probably stimulate growth of the cyto-
skeleton, as mentioned in the research of Lo et al. [42]. 
It was also shown that after cell culture for 24 h electros-
pun zein fibers, whether cross-linked or not, provided bet-
ter support for cell spreading and cytoskeleton development. 
The advantages of an electrospun structure promoted cell 
growth and, hence, better cell spreading and cytoskeleton 
development. 
4. Conclusions 
 
In this paper we report a new method of developing wa-
ter-stable and biocompatible electrospun zein fibers by cross-
linking with citric acid. The cross-linked electrospun zein fi-
bers showed improved morphological stability and were able 
to maintain their fibrous structure even after immersion at 37 
°C in PBS for up to 15 days. In addition, the method of cross-
linking electrospun zein fibers developed in this research pro-
vided better attachment, spreading and proliferation of NIH 
3T3 fibroblast cells compared with the uncross-linked electro-
spun zein mats and electrospun zein fibers cross-linked with 
citric acid and SHP and electrospun PLA scaffolds. This study 
also revealed that electrospun scaffolds could provide better 
support for the growth of fibroblast cells compared with films 
as scaffolds. The improved water stability and ability of cross-
linked electrospun zein fibers to support the attachment and 
growth of cells suggests that the cross-linking method devel-
oped has the potential to provide electrospun protein mate-
rials with those properties desired for tissue engineering and 
other medical applications, such as bone, cartilage and vascu-
lar grafts, subcutaneous implants, drug release systems and 
wound dressing. 
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